Abstract: Many studies have sought to determine the origin and evolution of mitochondria. Although the Alphaproteobacteria are thought to be the closest relatives of the mitochondrial progenitor, there is dispute as to what its particular sister group is. Some have argued that mitochondria originated from ancestors of the order Rickettsiales, or more specifically of the Rickettsiaceae family, while others believe that ancestors of the family Rhodospirillaceae are also equally likely the progenitors. To resolve some of these disputes, sequence similarity searches and phylogenetic analyses were performed against mitochondria-related proteins in Saccharomyces cerevisiae. The 86 common matches of 5 Alphaproteobacteria (Rickettsia prowazekii, Rhodospirillum rubrum, Rhodopseudomonas palustris, Rhodobacter sphaeroides, and Ochrobactrum anthropi) to yeast mitochondrial proteins were distributed fairly evenly among the 5 species when sorted by highest identity or score. Moreover, exploratory phylogenetic analyses revealed that among these common matches, 44.19% (38) had branched most closely with O. anthropi, while only 34.88% (30) corresponded with Rickettsia prowazekii. More detailed phylogenetic analyses with additional Alphaproteobacteria and including genes from the mitochondria of Reclinomonas americana found matches of mitochondrial genes to those of members of the Rickettsiaceae, Anaplasmataceae, and Rhodospirillaceae families. The results support the idea that notable bacterial genome chimaerism has occurred en route to the formation of mitochondria.
Introduction
Ancestors of the members of the current-day Alphaproteobacteria subgroup are thought to be the progenitors of mitochondria (Gray et al. 1999; Lang et al. 1999b; Embley and Martin 2006) , and species that belong to this group inhabit a large variety of environments, from coastal regions to deep-sea sediments (Giovannoni et al. 2005) . Members of this subgroup are pathogenic or free-living and have diverse metabolic capabilities such as the use of a variety of organic compounds and the production of secondary metabolites (Kersters et al. 2006 ) under aerobic, anoxygenic photosynthetic, or semiaerobic growth conditions. Other members of this subgroup are anaerobic heterotrophs or possess the abil-ity to grow under such conditions (Imhoff and Trüper 1992) . As such, these factors are supportive of the origin of mitochondria from Alphaproteobacteria precursors.
However, the determination of the organism most related to eukaryotic mitochondria and the placement of the mitochondrial tree branch are contested (Wu et al. 2004) . Some argue that organisms in the order Rickettsiales are the closest relatives to mitochondria (Fitzpatrick et al. 2006 ). Other studies have more specifically submitted that the Rickettsiaceae family (Emelyanov 2001) or the Pelagibacter, Rickettsiaceae, and Anaplasmataceae families together (Williams et al. 2007 ) constitute the sister group to mitochondria. Consequently, Rickettsia prowazekii, an organism in the Rickettsiaceae family, is thought to be very closely related to mitochondria for several reasons, including the finding that several gene clusters in the mitochondrial genome are reminiscent of those found in Rickettsia prowazekii, including similar sets of proteins involved in ATP production and transport functions (Andersson et al. 1998) . However, the relationship of mitochondria to organisms in the order Rickettsiales has been challenged based on phylogenomics, which demonstrates a close relationship of mitochondria to Rhodospirillum rubrum (Esser et al. 2004 ). More recently, another study compared Chlamydomonas proteins to a total of 354 sequenced genomes, including 286 eubacteria, 24 archaebacteria, and 44 eukaryotes, and found that members of the Rhizobiales and Rhodobacterales have many proteins that link them closely to mitochondria (Atteia et al. 2009 ).
Over time, mitochondria have undergone 3 important forms of evolution: the loss of genes from the mitochondrial genome, the transfer of genes from the mitochondrial to the nuclear genome, and the specialization of nuclear genes to serve mitochondria-related functions (Karlberg et al. 2000; Andersson et al. 2003) . Now, most mitochondria contain up to 20 protein-coding genes with exceptions, like the mitochondrion of Reclinomonas americana, which possesses 67 protein-coding genes (Lang et al. 1997; Andersson et al. 2003) . Other organisms do not possess mitochondria, but rather evolutionary homologs such as hydrogenosomes, which oxidize pyruvate and make ATP by substrate-level phosphorylation, and mitosomes, which do not seem to play any direct roles in ATP synthesis (Embley and Martin 2006) . Many studies seeking to find the closest relative to the progenitor of mitochondria have only looked at the genes internal to the present-day, largely reduced mitochondria and correspondingly neglected the large portion of genes present in the nuclear genomes of eukaryotes. Since many genes have been deleted from the transitional mitochondrial genome and eukaryotic nuclear genomes contain large proportions of genes encoding for mitochondria-related functions, these analyses may be somewhat incomplete or limited in truly ascertaining mitochondrial origin. In this study, protein homology analysis was conducted on 5 species from the Alphaproteobacteria against 773 proteins of Saccharomyces cerevisiae that perform mitochondrial functions to obtain a clearer picture of the origin of mitochondria. The common matches of these 5 Proteobacteria species exhibited about the same level of gene homologies with yeast mitochondrial genes and represented similar functional categories. However, exploratory phylogenetic analyses demonstrated significant gene matches to both Rickettsia prowazekii and Ochrobactrum anthropi. Subsequent phylogenetic analyses among a larger group of Alphaproteobacteria found matches of mitochondrial genes to those of members of the Rickettsiaceae, Anaplasmataceae, and Rhodospirillaceae families. These results reveal that mitochondria may have originated before the separation of these bacterial lineages and that many of its original genes could have been lost or muddled by gene deletion and horizontal gene transfer to and from distantly related microorganisms. Thus, genome chimaerism, which has been ongoing among prokaryotes, should be taken into account in discussing the origin of mitochondria. The impact of the current results on theories of mitochondrial origin and potential modifications to such theories are discussed.
Materials and methods

Sequence similarity search
Sequence similarity searches are one method by which to discover the phylogenetic connections among organisms as well as to estimate the time elapsed from the origin of a particular biological event. A total of 773 mitochondria-related proteins (both internal to mitochondria and nuclear genes) of Saccharomyces cerevisiae were batch downloaded from http://www.yeastgenome.org. Including nuclear-coded mitochondrial proteins in analyses of the origin of mitochondria is necessary, especially as most mitochondrial functions are now coded for by nuclear genes, presumably through the transfer or slippage of genes from mitochondria to the nucleus. Also, Saccharomyces cerevisiae has been used before in mitochondria origin studies (Esser et al. 2004) . Preliminary search data revealed similarity between yeast mitochondrial proteins and 5 Alphaproteobacteria species (Rickettsia prowazekii, Rhodospirillum rubrum, Rhodopseudomonas palustris, Rhodobacter sphaeroides, and O. anthropi) . The selection of these species was not completely arbitrary but rather calculated, as these species belong to orders to which mitochondria have been proposed to have diverged from. As such, the mitochondrial proteins were blasted against the proteins of these 5 species using BLASTP (Altschul et al. 1997) , which is conservative in its sequence searches. The results were filtered by setting a cutoff bit-score value of 100, which corresponds approximately to an E-value cutoff of 10 -22 . In the cases that more than one match was found to a mitochondrial gene for a given bacterium, only the highest match was retained. Each homologous bacterial protein was then matched to its clusters of orthologous groups (COG) functional group to examine the roles of these genes in relation to their mitochondrial counterparts.
Phylogenetic analyses
Given the ancient origin of mitochondria and significant protein divergence over such a large time span, protein similarity analysis alone is most probably insufficient to ascertain the closest relatives to mitochondria, although it can be extremely informative. Two sets of phylogenetic analyses were performed. The first set of analyses was exploratory. For this set, the common matches from the BLASTP results for the 5 bacterial species (Rickettsia prowazekii, Rhodospirillum rubrum, Rhodopseudomonas palustris, Rhodobacter sphaeroides, and O. anthropi) were then subjected to further phylogenetic analysis. Phylogenetic analysis of the individual genes is more robust and sensitive to developmental factors. Although constructing trees for concatenated mitochondrial proteins can be useful in ascertaining mitochondrial origin, the extremely ancient and dynamic nature of mitochondrial evolution suggests that such an approach can mask evolutionary features and variability in individual proteins. Since only the common genes among all 5 Alphaproteobacteria were selected, these chosen yeast mitochondrial proteins must be homologous to their ancient eubacterial counterparts and were most probably present in the originator bacteria of mitochondria. For the second set of phylogenetic analyses, a BLASTP search was run against the mitochondrion of Reclinomonas americana and the genomes of 49 additional Alphaproteobacteria using the common yeast genes that matched those of the original 5 selected Alphaproteobacteria. The Reclinomonas americana mitochondrion contains 67 protein-coding genes, 30 structural RNAs, and a large sequence of mtDNA (Lang et al. 1997; Plasterer et al. 2001) . A list of all the Alphaproteobacteria used for this set can be found in Supplementary  Table S1 2 . The BLASTP results were filtered using a bitscore value of 100, and the remaining genes were subjected to phylogenetic examination. Geneious version 4.8 was used to create alignments and construct phylogenetic trees (Drummond et al. 2010) . Protein sequences were aligned using MUSCLE (Edgar 2004) , an algorithm noted for both its speed and precision. PhyML (Guindon and Gascuel 2003) along with the WAG model (Whelan and Goldman 2001) was used to construct unrooted maximum likelihood trees. Bootstrap values were computed for all trees using 100 replications.
Results and discussion
Characteristics of the 5 bacteria are shown in Table 1 . The total number of yeast mitochondrial protein matches with a score 100 for each of the 5 bacteria, also shown in Table 1 , reflects that the genome of Rickettsia prowazekii has the lowest number of protein matches (109), representing~12% of its genome. The other 4 species (Rhodospirillum rubrum, Rhodobacter sphaeroides, Rhodopseudomonas palustris, and O. anthropi) showed a significantly higher number of protein matches (136-148) to the yeast mitochondrial homologs, although these numbers reflect onlỹ 3% of their respective genomes, as their genomes are approximately 5-6 times larger than the genome of Rickettsia prowazekii. The strength of homologies among 86 total common protein matches, shared by all 5 species with the yeast mitochondrial proteins as shown in Table 2 , reflect the diverse distribution of the common gene matches. In essence, Rhodospirillum rubrum and Rhodopseudomonas palustris contained the largest amount of genes with the highest percent identity and (or) score values, as reflected in Fig. 1 . The distribution of the COG functions for protein matches with a bit-score 100, as shown in Fig. 2 , further suggests that the most abundant group of proteins are shared among all 5 species. The COGs represent proteins involved in energy production, translation, post-translation, and amino acid metabolism, which all are theoretically necessary for the establishment of mitochondria after the occurrence of an earlier symbiotic association event. A c 2 test on a contingency table detailing the COG distributions among the organisms was insignificant (c 2 = 19.76, p > 0.05), demonstrating that the distributions of the COGs do not differ markedly between the organisms. Therefore, one species' functional distributions were not necessarily more favorable or specialized than that of another for permitting the eventual origin of mitochondria. Although it must be noted that sequence similarity analysis does not provide the ability to make phylogenetic inferences, it does provide a foundation from which further analyses can be performed. A sample phylogenetic tree for the first set of phylogenetic analyses is depicted in Fig. 3 . The analyses, detailed in Table 3 , revealed a concentration of gene matches with 2 organisms. More specifically, of the 86 genes, 44.19% (38) had branched most closely with O. anthropi, while only 34.88% (30) corresponded with Rickettsia prowazekii, as shown in Fig. 4 . Rhodobacter sphaeroides and Rhodospirillum rubrum had 4 (4.65%) and 1 (1.16%) highest gene matches, respectively. The remaining genes had different combinations of bacteria matching as sister groups, with 8 (9.30%) matching on a Rhodobacter sphaeroides -Rhodopseudomonas palustris -Rhodospirillum rubrum cluster, 2 (2.32%) matching on a Rhodobacter sphaeroides -Rhodopseudomonas palustris -O. anthropi cluster, and 1 (1.16%) Sample phylogenetic trees for the second set of phylogenetic analyses, which included more than 40 more alphaproteobacterial species, are depicted in Figs. 5 and 6. The BLASTP searches of the common yeast genes to the Reclinomonas americana mitochondrion yielded 11 significant (bitscore >100) matches. Since these 11 matches represent proteins that have been conserved for mitochondrial functions in both organisms, trees were constructed for these matches with additional Alphaproteobacteria. These trees were optimized for topology, length, and rate. Three of the 11 trees were unresolvable, as mitochondrial genes of the yeast and Reclinomonas americana branched to the entire Alphaproteobacteria as a sister group or the 2 mitochondrial genes branched to separate locations on a tree. Of the 8 remaining trees, 3 showed branching of mitochondrial genes to the members of the Rickettsiales order, from the families Rickettsiaceae and Anaplasmataceae, while 3 other trees showed branching of mitochondrial genes to a combination of not only members of the Rickettsiaceae and Anaplasmataceae families, but also members of the Rhodospirillaceae family. Of the remaining 2 trees, 1 showed branching of mitochondrial genes to bacteria outside of the Rickettsiaceae, Anaplasmataceae, and Rhodospirillaceae families, while one showed branching to bacteria outside the Rickettsiaceae and Anaplasmataceae families. It has been estimated that Proteobacteria first diverged into its own clade close to 2.8 billion years ago, while the origin of the Alphaproteobacteria group is close to 2 billion years ago (Battistuzzi et al. 2004) . Moreover, the beginning of a symbiotic relationship between bacteria and their protoeukaryotic host cells has been estimated to be in the vicinity of 2 billion years ago (Feng et al. 1997) , while the minimum age of the eukaryotic group is thought to be at least 1.45 billion years (Javaux et al. 2001) . Thus, the split of Alphaproteobacteria from Gammaproteobacteria and the start of a symbiotic relationship between bacteria and eukaryotes seem to be relatively close occurrences. However, this 2 billion year mark dating the origin of mitochondria has been challenged based on recent observations (Embley and Martin 2006) . Although current-day Rickettsia prowazekii and O. anthropi are animal pathogens, the pathogenic nature of either of these 2 species could have possibly evolved much later through horizontal gene transfer of pathogenic genes. Both also differ significantly in their G+C contents, which are 29% and 56%, respectively. The other 3 species are free-living and contain significantly higher G+C contents,~65%. Additionally, mitochondria in different species exhibit varying sizes and G+C contents. Reclinomonas americana (69 304 nt) and Drosophila melanogaster (19 517 nt) both have low G+C contents of 26% and 17%, respectively, while Arabidopsis thaliana (366 324 nt) and Beta vulgaris subsp. vulgaris (368 801 nt) have higher G+C contents of 44% and 43%, respectively. The variability in these mitochondrial G+C contents could suggest that different selection mechanisms were operating in their incorporation or that mitochondria have originated from multiple symbiotic events with bacteria with varied G+C genome composition. Since the G+C contents of the nuclear genome and mitochondrial genome are different within each of these organisms, differences in G+C contents among different mitochondrial genomes could possibly support the latter hypothesis. However, this line of reasoning is circumstantial at best, as distantly related organisms also contain similar G+C content to that of eukaryotic mitochondria and G+C content comparison is a very simplistic method of comparing genomes, especially since selective constraints, lifestyle pressures, and environmental conditions could have determined the outcome of G+C composition in many organisms.
There is significant evidence for the transfer of genes from the bacterial genome to the nuclear genome of protoeukaryotic cells (Gray et al. 1999) . These genes were then later selected for and remained necessary for mitochondrial functions. Some organisms lack mitochondria, but equivalent mitochondrial functions are coded for by their nuclear genomes (Chose et al. 2003a (Chose et al. , 2003b . Other organisms possess mitochondria-derived organelles, such as mitosomes and hydrogenosomes, that, in the vast majority of cases, do not possess coding genomes (Embley and Martin 2006) . Also, in Cryptosporidium parvum, there is a compartment that resembles a mitochondrion, but this compartment lacks a genome, suggesting that the organelle underwent both an extreme reduction of its mitochondrial genome and a transfer of remaining genes into the nucleus (Henriquez et al. 2005) . Although the slippage of bacterial DNA into the nucleus allowed for Fig. 6 . The highest matching genes to Q0110 from several Alphaproteobacteria were aligned with the corresponding yeast gene and a matching mitochondrial gene from Reclinomonas americana, and a maximum likelihood tree was constructed. This tree shows the highest match of the mitochondrial genes to members outside the Rickettsiales and Rhodospirillales orders. The tree was rooted to provide a better visual representation of the groupings. The numbers on the branches represent the bootstrap support for those nodes. The scale bar provides a measure of the substitutions per site for each branch. direct and spontaneous gene (DNA) transfer, these gene functions were sorted out through early symbiotic processes and the development of mitochondria. Recently, it has also been shown that there is direct DNA transfer to the nucleus from organelles (Timmis et al. 2004; Hazkani-Covo et al. 2010) .
Even though many factors make Rickettsia prowazekii a probable ancestral connection to mitochondria, this does not rule out a significant influence of the ancestors of O. anthropi and other bacteria on the ultimate origin and development of mitochondria. This is especially true given that a greater number of the common genes among the yeast and the 5 bacteria phylogenetically matched to those of O. anthropi, a member of the Rhizobiales order, compared with those of Rickettsia prowazekii, a member of the Rickettsiales order. Moreover, of the 8 resolvable large phylogenetic trees, only 3 showed distinct branching of Reclinomonas americana and S. cerevisiae to members solely of the order Rickettsiales. As such, the results could suggest that mitochondria may have originated either from many independent species-specific associations with precursor eukaryotic cells or from a single species that existed before the divergence of many Alphaproteobacteria orders. Also, it must be noted that the first set of phylogenetic analyses contained only 5 bacteria, a number that some would consider to be a small sample. Although taxon sampling is thought to be necessary to reduce the phylogenetic error (Pollock et al. 2002; Zwickl and Hillis 2002) that may be present with small sample sizes, there is some evidence to the contrary Kumar 2001, 2003) . The data sets for the tree constructed in this study also used sizeable protein, not nucleotide, sequences, thereby providing a decent amount of information that could be used for the tree construction.
Although horizontal gene transfer can muddle phylogenies and tree topologies (Bergthorsson et al. 2003) , possibly skewing the interpretations that have been put forth concerning the origin of mitochondria, the reverse concept must always be considered, namely that the potent force of horizontal gene transfer in the evolution of genomes also cannot be underestimated. It is quite possible that specialized metabolic processes, such as aerobic respiration and photosynthesis, did not simply originate from a single massive gene transfer from one organism to other but rather by many smaller gene transfers among multiple organisms (Lang et al. 1999a) . Such an understanding presents 2 scenarios. On one hand, before the mitochondrial progenitor invaded a protoeukaryotic organism, many bacterial species might have gone through multiple gene transfers to create a cluster of genes selected for mitochondrial or mitochondriarelated functions in a single bacterial species. Afterwards, this bacterium that contained genes from multiple bacteria formed a symbiotic relationship with a precursor eukaryotic cell, eventually leading to the formation of mitochondria. The alternative scenario is that after a symbiotic relationship between a bacterium and a protoeukaryotic cell was initiated, many bacterial gene transfers to the precursor eukaryotic cell further strengthened mitochondrial functions and processes. However, it may be that a single ancestor of these Alphaproteobacteria may have possessed a varied compilation of genes, whether by horizontal gene transfer or some other means, which led to mitochondria, but these genes do not belong to the known set of modern Alphaproteobacteria genes, making any sort of analyses in the search for the mitochondrial progenitor much more complex (Esser et al. 2007 ).
In conclusion, although the origin of mitochondria seems more possible from the earlier symbiotic event of an ancestor of an Alphaproteobacteria species and a protoeukaryotic cell, more data are needed to validate that this was the sole event. Otherwise, it seems that a great deal of horizontal gene transfer would have had to occur, with a eukaryotic cell possessing an engulfed bacterium, to facilitate such diverse matches and eventual formation of mitochondria. On the other hand, attempting to identify such gene transfer concretely would be difficult if not impossible given the length of time elapsed since the symbiotic events that led to mitochondria. Regardless, the results clearly demonstrate the significant role of other bacteria outside the order Rickettsiales in the formation of mitochondria. As such, our results support either understanding, as in light of the data, a level of bacterial genome chimaerism has occurred en route to the formation of mitochondria.
